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ABSTRACT
We report on follow-up observations of 20 short-duration gamma-ray bursts (GRBs; T90 < 2 s) performed in g′r′i′z′JHKs with the
seven-channel imager GROND between mid-2007 and the end of 2010. This is one of the most comprehensive data sets on GRB
afterglow observations of short bursts published so far. In three cases GROND was on target within less than 10 min after the trigger,
leading to the discovery of the afterglow of GRB 081226A and its faint underlying host galaxy. In addition, GROND was able to
image the optical afterglow and follow the light-curve evolution in further five cases, GRBs 090305, 090426, 090510, 090927, and
100117A. In all other cases optical/NIR upper limits can be provided on the afterglow magnitudes. After shifting all light curves
to a common redshift we find that the optical luminosities of the six events with light curves group into two subsamples. GRBs
090426 and 090927 are situated in the regime occupied by long-duration events (collapsars), while the other four bursts occupy the
parameter space typical for merger events, confirming that the short-burst population is contaminated by collapsar events. Three of the
aforementioned six bursts with optical light curves show a break. In addition to GRBs 090426 and 090510 (paper I, II), also for GRB
090305 a break is discovered in the optical bands at 6.5 ks after the trigger. For GRB 090927 no break is seen in the optical/X-ray
light curve until about 150 ks/600 ks after the burst. The GROND multi-color data support the view that this burst is related to a
collapsar event. For GRB 100117A a decay slope of its optical afterglow could be measured. For all six GRBs at least a lower limit
on the corresponding jet opening angle can be set. Using these data, supplemented by a about 10 events taken from the literature, we
compare the jet half-opening angles of long and short bursts. We find tentative evidence that short bursts have wider opening angles
than long bursts. However, the statistics is still very poor.
Key words. Gamma rays: bursts
1. Introduction
Gamma-Ray Bursts (GRBs) show a bimodality in their duration
distribution, separated in the CGRO/BATSE data at T90 = 2 s,
with the peak of the short-burst population at T90 ∼0.5 s and
the long-burst population at ∼30 s (Kouveliotou et al. 1993;
Sakamoto et al. 2011). Historically, bursts are still devided into
long and short based on the BATSE scheme, even though the
shape of the bimodal distribution is energy-dependent, in partic-
ular peaking for Swift/BAT at T90 ∼ 0.5 s and ∼ 70 s, respec-
tively (Sakamoto et al. 2011).
According to the current picture, long bursts origi-
nate from the collapse of massive stars into black holes
(MacFadyen & Woosley 1999) or into rapidly spinning, strongly
Send offprint requests to: A. Nicuesa Guelbenzu, ana@tls-
tautenburg.de
magnetized neutron stars (e.g., Usov 1992; Mazzali et al. 2006).
Short bursts are instead commonly attributed to the merger of
compact stellar objects (e.g., Paczyn´ski 1986; Nakar 2007).
The physical association of long bursts with the collapse
of massive stars has been well established (e.g., Zeh et al.
2004; Hjorth et al. 2003; Pian et al. 2006; Ferrero et al. 2006;
Woosley & Bloom 2006; Fruchter et al. 2006). However, the ob-
servational situation with short bursts is less clear.
Until 2005 no afterglow of a short burst had ever been de-
tected, while for the long burst sample at that time many im-
portant discoveries had already been made (redshifts, supernova
light, collimated explosions, circumburst wind profiles). The
first well-localized short burst (GRB 050509B; Gehrels et al.
2005) was seen close in projection to a massive early-type
galaxy (Hjorth et al. 2005; Bloom et al. 2006), supporting the
model that compact stellar mergers are the progenitors of short-
duration gamma-ray bursts. However, since then the observa-
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tional progress has been rather modest when compared to the
long-burst population (for a review Gehrels et al. 2009; Berger
2011).
There are mainly two reasons for this situation. Firstly,
compared to long bursts there is a substantially smaller detec-
tion rate of short bursts. Secondly, short-burst afterglows are
rarely brighter than R = 20 even minutes after a trigger (e.g.,
Kann et al. 2010, 2011). This general faintness makes their dis-
covery and detailed follow-up very challenging. However, only
the precise detection of the afterglow, with sub-arcsec accuracy,
enables a secure determination of a putative GRB host galaxy
and its redshift, while the X-ray plus optical light curves pro-
vide information about the processes that take place after the
explosion, clues about the physics of the central engine, and the
properties of the environment of the progenitor. Rapid follow-up
observations of these events are therefore very important to gain
as much observational data as possible.
Since there is a substantial overlap between the long and the
short-burst duration distribution, the simple devision between
long and short is only a first guess about the true origin of a burst
under consideration. Several other phenomenological properties
of the bursts and their afterglows have to be considered in order
to reveal the nature of their progenitors (Zhang et al. 2007, 2009;
Kann et al. 2011). Thereby, of special interest are the circum-
burst density profiles, the afterglow luminosities, and the outflow
characteristics that might be shaped by or related to the physical
properties of the GRB progenitors.
Theoretical studies suggest that long GRBs are followed by
more luminous afterglows than short bursts, mainly due to the
expected difference in the circumburst density around the GRB
progenitors (Panaitescu et al. 2001). Also the circumburst den-
sity profile is an indicator on the nature of the explosion (e.g.,
Schulze et al. 2011). In addition, the distribution function of the
jet-opening angles of long and short bursts should be different
from each other since an extended massive envelope collimates
the escaping relativistic outflow (Zhang et al. 2004), while the
lack of such a medium in the case of merger events might allow
for wider jet-opening angles (Aloy et al. 2005; Rezzolla et al.
2011). Any short-burst afterglow that adds information here is
naturally of great interest.
Here we report on the results of the first 3.5 years of
follow-up observations of short-duration GRBs using the op-
tical/NIR seven-channel imager GROND (Greiner et al. 2007,
2008) mounted at the 2.2-m ESO/MPG telescope on La Silla
(Chile). GROND is in continuous operation since mid-2007.
Since then it observes every burst with a declination . +35◦,
providing a complete sample of events observed with the same
instrument at the same telescope. The capability of GROND to
observe in seven bands simultaneously, from g′ to Ks, does not
only provide the opportunity to follow the color evolution of an
afterglow but also allows for a stacking of all bands; in particular
a white-light image in g′r′i′z′ reaches a fainter detection thresh-
old. In addition, GROND’s routine operation in Rapid Response
Mode in principle allows us to start observations within minutes
after a trigger, catching also afterglows even if they are fading
rapidly.
In this work, we summarize the detections and upper limits
for 20 short burst afterglows in g′r′i′z′JHKs. First results have
already been published in Nicuesa Guelbenzu et al. (2011, in
the following paper I) and Nicuesa Guelbenzu et al. (2012, in
the following paper II). Here we add detailed information on all
individual bursts. In particular, we compare the afterglow lumi-
nosities with those of their long-burst relatives. We also include
X-ray data in order to extend this discussion to the high-energy
band. If possible, based on our optical data, we derive the spec-
tral energy distribution (SED) of the afterglows and give an esti-
mate of the corresponding jet half-opening angles.
Throughout the paper, we adopt a concordance ΛCDM cos-
mology (ΩM = 0.27, ΩΛ = 0.73, H0 = 71 km/s/Mpc;
Spergel et al. 2003), and the convention that the flux density is
described as Fν(t) ∝ t−α ν−β. In cases where no redshift is known
for a burst, we adopt a redshift of z=0.5, as it is justified based
on the redshift distribution of short bursts detected by Swift by
the end of 2010 (Leibler & Berger 2010, their table 1).
2. Target selection, observations, and data
reduction
Between July 2007 and December 2010 altogether 394 GRBs
were localized at the arcmin or (mostly) arcsec scale.1 Among
them 220 events were followed up with GROND. For the present
study, from this data base we have selected all those bursts with
a duration of T90 ≤ 2 s (within 1 σ) and an error circle smaller
than 3 arcmin in radius (Table 1), giving us 20 targets.
All optical/NIR data were analysed through standard PSF
photometry using DAOPHOT and ALLSTAR tasks of IRAF
(Tody 1993), in a similar way to the procedure described in
Kru¨hler et al. (2008) and Ku¨pcu¨ Yoldas¸ et al. (2008). PSF fit-
ting was used to measure the magnitudes of an optical transient.
For completeness, publicly available archives were also checked
(VLT/FORS and Gemini/GMOS).
The optical data were calibrated against the Sloan Digital
Sky Survey (SDSS DR7; Abazajian et al. 2009), if available.
Otherwise a standard star field was observed under photometric
conditions. For the NIR bands, photometric calibration was al-
ways performed against the 2MASS catalogue (Skrutskie et al.
2006). This procedure results in a typical absolute accuracy of
0.04 mag in g′r′i′z′, 0.06 mag in JH and 0.08 mag in Ks. All re-
ported magnitudes are in the AB photometric system. Observed
magnitudes were corrected for Galactic reddening based on
Schlegel et al. (1998) and assuming a Milky Way extinction
curve with a ratio of total-to-selective extinction of RV = 3.1. For
GROND the Vega-to-AB conversion is JAB = JVega + 0.93 mag,
HAB = HVega + 1.39 mag, KAB = Ks,Vega + 1.80 mag, except for
observations after an intervention on the instrument on March
2008, for which KAB = Ks,Vega + 1.86 mag. Extinction correc-
tions for the GROND filters we have used here are: A(g′) =
1.253 AV , A(r′) = 0.799 AV , A(i′) = 0.615 AV , A(z′) =
0.454 AV , A(J) = 0.292 AV , A(H) = 0.184 AV, A(Ks) =
0.136 AV .
3. Results
In what follows, in several cases we combined GROND’s g′r′i′z′
into a white band. This turned out to be particularly useful
when searching for a faint afterglow, for studying the light-curve
shape, and for measuring the offset of a detected afterglow from
its suspected host galaxy. Image subtraction between the first
and the last epoch, if applied, was performed using the hotpants
package.2 Errors in the astrometric accuracy of GROND are less
than 0.′′3 in right ascension and declination.
1 http://www.mpe.mpg.de/∼jcg/grbgen.html
2 http://www.astro.washington.edu/users/becker/hotpants.html
http://svn.pan-starrs.ifa.hawaii.edu/trac/ipp/wiki/ppSub−vs−Hotpants
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Table 1. The 20 short bursts of our sample.
# GRB R.A. (J2000) Decl. Inst. error [′′] Ref. T90 [s] Ref. E(B − V) z Ref.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
1 070729 03:45:16.02 −39:19:20.6 XRT 2.5 1 0.9±0.1 1 0.02 – –
2 071112B 17:20:51.0 −80:53:02 BAT 132 2 0.3±0.05 2 0.12 – –
3 071227 03:52:31.26 −55:59:03.5 OT 0.3 4 1.8±0.4 3 0.01 0.381 39
4 080905A 19:10:41.73 −18:52:47.3 OT 0.6 6,7 1.0 ± 0.1 5 0.14 0.122 41
5 080919 17:40:53.78 −42:22:05.7 XRT 1.6 8 0.6±0.1 8 0.49 – –
6 081226A 08:02:00.45 −69:01:49.5 OT 0.2 this work 0.4±0.1 9 0.16 – –
7 081226B 01:41:59 −47:26:19 IBIS 150 11 0.7 11 0.02 – –
8 090305 16:07:07.59 −31:33:21.9 OT 0.2 this work 0.4±0.1 14 0.22 – –
9 090426 12:36:18.07 +32:59:09.6 OT 0.5 this work 1.2 ±0.3 17 0.02 2.609 32
10 090510 22:14:12.50 −26:34:59.0 OT 0.2 42 0.3±0.1 18 0.02 0.903 33,43
11 090927 22:55:53.39 −70:58:49.50 OT 0.2 this work 2.2±0.4 19 0.03 1.37 34
12 091109B 07:30:56.61 −54:05:22.85 OT 0.5 20,38 0.3±0.03 21 0.03 – –
13 091117A 02:03:46.9 −16:56:38 BAT 156 22,23 0.43±0.05 24 0.03 – –
14 100117A 00:45:04.66 −01:35:41.89 OT 0.26 40 0.30±0.05 25 0.02 0.915 40
15 100206A 03:08:39.03 +13:09:25.3 XRT 3.3 26 0.12±0.03 26 0.38 0.41 35
16 100625A 01:03:10.91 −39:05:18.4 XRT 1.8 27 0.33±0.03 27 0.01 – –
17 100628A 15:03:52.41 −31:39:30.2 XRT 7.0 28 0.036±0.009 28 0.17 0.102 36
18 100702A 16:22:47.26 −56:31:53.8 XRT 2.4 29 0.16± 0.03 29 0.41 – –
19 101129A 10:23:41 −17:38:42 BAT 180 30 0.35 ±0.05 30 0.07 – –
20 101219A 04:58:20.49 −02:32:23.0 XRT 1.7 31 0.6±0.2 32 0.06 0.718 37
Notes: The 5th, 6th, and 7th column give the instrument on which the coordinates are based (OT stands for optical transient detected), the
corresponding radius of the error circle and the reference, respectively. BAT and XRT stand for the instruments onboard of the Swift satellite, IBIS
stands for the instrument onboard the INTEGRAL satellite. The 8th and 9th column provide T90 and the corresponding reference. The last columns
give the Galactic reddening E(B−V) (mag) along the line of sight according to Schlegel et al. (1998) as well as the redshift. If available, enhanced
Swift/XRT positions are given in columns #3 and #4 as well as the revised error circles, taken from http://www.swift.ac.uk/xrt−positions/index.php
and Evans (2011a,b). References: 1 = Guidorzi et al. (2007c), 2 = Perri et al. (2007), 3 = Sakamoto et al. (2007b), 4 = D’Avanzo et al. (2008),
5 = Pagani et al. (2008b), 6 = Malesani et al. (2008), 7 = de Ugarte Postigo et al. (2008), 8 = Preger et al. (2008b), 9 = Krimm et al. (2008),
11 = Mereghetti et al. (2008), 14 = Krimm et al. (2009), 17 = Sato et al. (2009), 18 = Hoversten et al. (2009), 19 = Grupe et al. (2009b), 20
= Levan et al. (2009b), 21 = Oates et al. (2009b), 22 = Cummings et al. (2009), 23 = D’Elia et al. (2009), 24 = Sakamoto et al. (2009), 25 =
de Pasquale et al. (2010c), 26 = Krimm et al. (2010c), 27 = Holland et al. (2010b), 28 = Immler et al. (2010), 29 = Siegel et al. (2010b). 30
= Cummings et al. (2010), 31 = Gelbord et al. (2010), 32 = Krimm et al. (2010a), 32 = Levesque et al. (2009), 33 = Rau et al. (2009), 34 =
Levan et al. (2009a), 35 = Cenko et al. (2010a), 36 = Cenko et al. (2010b), 37 = Chornock & Berger (2011), 38 = Malesani et al. (2009), 39 =
D’Avanzo et al. (2009), 40 = Fong et al. (2011), 41 = Rowlinson et al. (2010), 42 = Nicuesa Guelbenzu et al. (2012), 43 = McBreen et al. (2010).
3.1. GRBs with an afterglow detected by GROND
Among the 20 events followed up by GROND, in six cases an
optical afterglow was detected by GROND. Two of these events,
GRB 090426 and GRB 090510, have been discussed in detail in
paper I and II. Here we report on the four additional cases.
3.1.1. GRB 081226A: Discovery of the optical afterglow
Observations: GROND started observations 10 min after the
GRB trigger and was on target for 2.5 hrs. Second-epoch ob-
servations were performed the following night and a final epoch
was obtained 1 month after the burst. Inside the 90% c.l. XRT er-
ror circle (r = 3.′′8; Evans 2011a,b), the white-band image shows
three objects (A-C; Fig. 1).
Afterglow light curve: After performing image subtraction
on the white-band images, the afterglow appears in the southern
part of its very faint host galaxy (object C in Fig. 1). It is de-
tected in all optical bands (Table A.1) and is best-sampled in the
r′ band. Fitting the light curve with a single power-law plus host
galaxy component (Fig. 2) gives α = 1.3±0.2, i.e., the afterglow
was in the pre-jet break evolutionary phase. The decay slope is
in agreement with the two X-ray detections of the afterglow cen-
tered at 0.6 ks and 11.5 ks (Evans et al. 2010). We re-reduced
archival Gemini r′-band images (Berger et al. 2008a) and find
that they fit well into this light curve, confirming the GROND
discovery.
Due to the faintness of the afterglow, a well-defined SED,
corrected for host-galaxy light, cannot be constructed.
Energy budget: No redshift is known for GRB 081226A.
Assuming a redshift of z = 0.5 and using the data and the numer-
ical approach from Butler et al. (2007)3, we obtain an isotropic
equivalent energy for this burst of Eiso = 2.0+1.7−0.5 × 10
50 erg. If
there is a jet break in the optical light curve then it must have
occurred after about 10 ks. Adopting an ISM profile, for the
jet half-opening angle we have (e.g., Frail et al. 2001; Lu et al.
2012)
Θjet = 0.057 rad
(
tb
1 day
)3/8 (1 + z
2
)−3/8 ( Eiso
1053 erg
)−1/8
×
( ηγ
0.2
)1/8 ( n
0.1 cm−3
)1/8
. (1)
Adopting a radiative efficiency of 0.2, and scaling the results to
a rather low gas density of 0.01 cm−3 as it might be implied for
a neutron star merger, we obtain Θjet & 2.6+0.1−0.2 × (n/0.01)1/8
deg and a beaming-corrected energy of Ecor & 2.1+1.3−0.4 10
47 ×
(n/0.01)2/8 erg. There are no X-ray data for t > 10 ks that could
3 http://astro.berkeley.edu/∼nat/swift/bat−spec−table.html
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Fig. 1. White-band image of the field of GRB 081226A. Inside
the 90% c.l. XRT error circle (r = 3.′′8) lie three objects (A,B,C).
The position of the afterglow is indicated (C). In order to go
deep, all GROND images of the first and the second epoch have
been combined here.
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Fig. 2. GROND r′-band light curve of the afterglow of GRB
081226A fitted with a single powerlaw plus host galaxy com-
ponent. Overplotted in green color are the Gemini-S/GMOS r′-
band data (Table A.1). No corrections for the slightly different
filters have been performed.
yield further evidence for a possible break in the afterglow light
curve (Evans et al. 2010).
Host galaxy: The underlying host galaxy (C) is very faint
and only visible in the g′, r′ second-epoch images (g′ = 25.88 ±
0.24, r′ = 25.79±0.34). The offset of the afterglow from its cen-
ter is .0.′′5. For an assumed redshift of z = 0.5 this corresponds
to .3 kpc. No statement can be made about the morphological
type of this galaxy.
3.1.2. GRB 090305: Discovery of a jet break
Afterglow light curve: GROND started observing the field 30
min after the Swift/BAT trigger and was on target for 1.5 hrs. The
10"
N
E
B
A
GRB 090305
Fig. 3. The field of GRB 090305: the optical afterglow (A) and
the object closest to it (B). Shown here is the g′r′i′z′-combined
(white-band) image taken between 4 ks to 7 ks after the burst.
The circle is just drawn to guide the eye; there is no independent
Swift/XRT position (Beardmore et al. 2009c).
fading optical afterglow (Cenko et al. 2009; Berger & Kelson
2009) is detected in all optical bands but it is not seen in the
NIR (Table 4).
Gemini-S/GMOS observed from 1.5 ks to 7.5 ks after
the burst in g′, r′, i′ and discovered the afterglow (Cenko et al.
2009); no detailed light curve data have been published so far,
with i′-band data affected by strong fringing. Figure 4 shows the
result of the simultaneous fit of all data (GROND/Gemini) using
a broken power-law with the Gemini data overplotted. The fit
finds a break in the light curve at tb = 6.6 ± 0.4 ks, a pre-break
decay slope of α1 = 0.56 ± 0.04, and a post-break decay slope
of α2 = 2.29± 0.60. The pre-break decay slope is rather shallow
but not unusual (e.g., Zeh et al. 2006). There is no X-ray light
curve available for this afterglow (Beardmore et al. 2009b).
SED: By fitting the Gemini g′ and r′-band data together with
the GROND g′r′i′z′-band data we find a spectral slope of βopt =
0.52±0.15 (χ2/d.o.f.=0.66). No evidence for color evolution was
found. Applying the α − β relations, there is no solution with
p > 2 for the pre-jet break phase; the light curve decay is too
shallow at that time (Table 2). On the other hand, the observed
spectral slope suggests that between about 2 ks and 8 ks it was
νopt < νc, since then p = 2β + 1 = 2.04 ± 0.32, a standard value.
Possibly, the deduced shallow α1 indicates that at early times
the evolution of the light curve was affected by re-brightening
episodes or energy injections. No decision can be made between
a wind and an ISM model.
Energy budget: Assuming a redshift of z = 0.5, and fol-
lowing the same procedure as in Sect. 3.1.1, we find Eiso =
2.1+1.7
−0.7 × 10
50 erg. The observed break time, if interpreted as a jet
break in an ISM medium (Eq. 1), leads to a jet half-opening an-
gle of Θjet = 2.2+0.2−0.1 × (n/0.01)1/8 deg and a beaming-corrected
energy release of Ecor = 1.6+0.9−0.4 10
47 × (n/0.01)2/8 erg.
Host galaxy: At the position of the optical transient there
is no evidence for an underlying host galaxy in any band, only
upper limits can be given (g′r′i′z′JHKs > 25.7, 26.0, 24.5, 24.2,
22.4, 22.0, 20.6). The object closest to the optical afterglow is
a faint source at a distance of 1.′′4 (object B; see Fig. 3). This
4
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Fig. 4. Gemini and GROND light curve of the optical afterglow
of GRB 090305. All data are fit simultaneously. Open circles are
GROND while filled circles are Gemini. Color coding: green g′
band (shifted by +0.5 mag), red r′ band, brown i′ band (shifted
by −0.5 mag), black z′ band (shifted by −1 mag).
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Fig. 5. GROND SED of the afterglow of GRB 090305 at 6 ks
after the burst, after correction for Galactic extinction. Index G
stands for GROND.
object is only detected in the GROND i′ band with a magnitude
of 24.1 ± 0.2. Object B is also detected in Gemini r′ band data
taken 10 days after the burst at a magnitude of 26.0± 0.1. It was
also imaged with VLT/FORS in Rc (program ID 082.D-0451; PI:
A. Levan).
Following the procedure described in Bloom et al. (2002)
and Perley et al. (2009), the probability to find a galaxy as bright
as object B within 1.′′4 distance from the afterglow is about 7%.
Formally, this small probability makes B a host galaxy candi-
date. If its observed color (r′ − i′= 2.3 ± 0.2 mag) is due to
the redshifted stellar 4000 Å bump, then its redshift is around
z = 0.5.4 For z = 0.5 the projected distance of the afterglow
from object B would then be 8.5 kpc.
4 Assuming that this is the GRB host galaxy, this color cannot be
the Lyman break since the afterglow was detected in the g′ band
(Cenko et al. 2009).
Table 2. GRB 090305: Predicted β based on the α − β relations
using α1 = 0.56 ± 0.04 and α2 = 2.29 ± 0.60.
afterglow model β(α) predicted β p
ISM, iso, case 1 (2α1 + 1)/3 0.71±0.06 1.42±0.12
ISM, iso, case 2 2α1/3 0.38±0.06 1.76±0.12
ISM, jet, case 1 α2/2 1.15±0.32 2.30±0.50
ISM, jet, case 2 (α2 − 1)/2 0.65±0.32 2.30±0.50
wind, iso, case 1 (2α1 + 1)/3 0.71±0.06 1.42±0.12
wind, iso, case 2 (2α1 − 1)/3 0.05±0.06 1.10±0.12
wind, jet, case 1 α2/2 1.15±0.32 2.30±0.50
wind, jet, case 2 (α2 − 1)/2 0.65±0.32 2.30±0.50
Notes: Case 1 stands for ν > νc, case 2 for ν < νc. In the former case
the power-law index of the electron distribution function is given by
p = 2β, whereas in the latter case p = 2β + 1 (Sari et al. 1999).
3.1.3. GRB 090927: A wind medium?
Observations: GROND started observations about 17 hrs after
the burst and continued for 1.5 hrs. A second-epoch observation
was performed the following night for about 1 hr. Both observing
runs were affected by bad seeing (2.′′3). The afterglow is clearly
fading in all GROND optical bands, while it was not detected in
the NIR.
Afterglow light curve: The GROND r′-band light curve can
be fitted with a single power-law that has a slope of α = 1.32 ±
0.14 (χ2/d.o.f. = 0.39; Fig. 6), which is also in agreement with
the results from the Faulkes Telescope South (Cano et al. 2009)
and the VLT (Levan et al. 2009a). The first two R-band data
points from the Zadko telescope, however (Klotz et al. 2009;
see appendix), lie about 1 mag below the extrapolated fit (but
also have large errors). Those data suggest that between 2 and 4
hours after the burst the optical flux was nearly constant. At the
same time the X-ray light curve shows strong fluctuations but
also seems to be in a plateau phase.
Assuming for the X-ray light curve a single power-law de-
cay, for t > 20 ks we obtain αX = 1.30 ± 0.07. On the other
hand, the outlier at 70 ks could also be interpreted as evidence
for a break in the X-ray light curve. However, the light curve
decay after the break is then too shallow for a post-jet break
decay slope. We thus conclude that also the X-ray afterglow is
best described by pre-jet break evolution up to the end of the
XRT observations. A decay slope of 1.3 is in agreement with the
ensemble statistics of pre jet-break decay slopes for long-burst
afterglows (Zeh et al. 2006).
SED: The SED of the afterglow was constructed by combin-
ing all GROND data taken from 64 ks to 66 ks after the trigger,
when the seeing was best (about 2′′). It is best fit by a power
law with no extinction in the host galaxy (AhostV = 0; Fig. 7). The
spectral slope is βopt = 0.41± 0.16. The α− β-relations then im-
ply that at the time of the GROND observations it was νopt < νc
(Table 3). The spectral slope βX in the X-ray band during this
time period was 1.2±0.2 (Evans et al. 2010), which in combina-
tion with the spectral slope in the optical points to νopt < νc < νX
and prefers a wind over an ISM model. For the pre-jet break
phase this order in frequencies implies αX − αopt = ±0.25 (−
for a wind, + for an ISM), while we measure a difference of
−0.02 ± 0.17, not favoring any of both models.
Figure 8 shows the optical-to-X-ray SED of the afterglow
at t=65 ks. Using a Galactic NH = 2.9 × 1020 cm−2, for the
5
Nicuesa Guelbenzu et al.: short GRBs
18
20
22
24
26
28
104 105 106
10−14
10−13
10−12
10−11
10−2 10−1 100 101
Br
ig
ht
ne
ss
 [A
B 
ma
g]
Fl
ux
 X
−r
ay
s 
(er
g/c
m2
/s
)
Time (seconds)
Time (days)
Fig. 6. The r′, i′-band light curve of the optical afterglow of
GRB 090927 (the i′-band is shifted by −0.6 mag; Table A.4).
Overplotted are also R-band data reported in GCN Circulars
(Klotz et al. 2009; Cano et al. 2009; Levan et al. 2009a; in vi-
olet) as well as the X-ray data (Evans et al. 2010).
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Fig. 7. SED of the afterglow of GRB 090927 at t =65 ks (from
g′ to Ks). It is best fit by a power law with no evidence for extinc-
tion in the host galaxy. Note that the NIR bands are only upper
limits.
given redshift (z = 1.37; Levan et al. 2009a) the fit finds no
evidence for host extinction (SMC dust; AhostV = 0.02 ± 0.02
mag), a spectral slope βopt = 0.57+0.17−0.10, and a break energy of
42 eV (χ2/d.o.f.=196/229= 0.85). A fit with a single power-law
is worse, confirming that νopt < νc < νX.
Energy budget: Assuming a wind model, it is (Bloom et al.
2003)
Θjet = 0.169 rad
(
tb
1 day
)1/4 (1 + z
2
)−1/4 ( Eiso
1052 erg
)−1/4
× A1/4⋆
( ηγ
0.2
)1/4
, (2)
where A⋆ is the wind density parameter (Chevalier & Li 2000)
and, similar to Eq. (1), we have introduced a radiative efficiency
ηγ. For a jet-break time of tb > 6 × 105 s (as implied by the X-ray
data), then for z = 1.37 and ηγ = 0.2, with Eiso = 4.5+3.0−2.0 × 1051
Fig. 8. Optical-to-X-ray SED of the afterglow of GRB 090927 at
t =65 ks.
Table 3. GRB 090927: Predicted β based on the α − β relations
using α = 1.32 ± 0.14 (for details see Table 2).
afterglow model β(α) βopt p βX
ISM, iso, case 1 (2α1 + 1)/3 1.21±0.09 2.42±0.18 1.20±0.05
ISM, iso, case 2 2α1/3 0.88±0.09 2.76±0.18 0.87±0.05
wind, iso, case 1 (2α1 + 1)/3 1.21±0.09 2.42±0.18 1.20±0.05
wind, iso, case 2 (2α1 − 1)/3 0.55±0.09 2.10±0.18 0.53±0.05
Note: p is given based on βopt.
erg, we find Θjet & 12 ± 2 deg and Ecor & 1.0+0.3−0.2 × 10
50 erg. An
ISM model (Eq. 1) gives Θjet = 7.0+0.5−0.4 × (n/0.01)1/8 deg and
Ecor = 3.4+1.5−1.2 10
49 × (n/0.01)2/8 erg.
Host galaxy: Observations performed two years after the
trigger show no evidence of a host galaxy at the position of the
optical transient down to deep upper limits (g′r′i′z′JHKs > 25.2,
25.2, 24.5, 24.2, 22.3, 21.6, 20.4). The late-epoch data reveal
that there are two objects (A and B) within a radius of 10 arcsec
centered at the position of the optical afterglow (Fig. 9). Both
objects are clearly extended. If one of them is the host then the
projected offset of the burst was 6.′′5 and 7.′′5, respectively. For
a redshift of z = 1.37 (Levan et al. 2009a) this corresponds to
a projected distance of 55 kpc and 63 kpc, respectively. If the
progenitor of GRB 090927 was a collapsar, this large distance
rules out that A or B is the putative host.
3.1.4. GRB 100117A: Determination of the afterglow decay
slope
Observations: GROND started observing the field of GRB
100117A 3.5 hrs after the GRB trigger and was on target for
one hour (Fig. 10). The host galaxy flux was measured half a
year later.
Afterglow: The optical afterglow on top of its host galaxy
was discovered by Fong et al. (2011). During the first night for
the host plus afterglow we measure a g′, r′-band magnitude of
24.37 ± 0.25, 23.72 ± 0.18, while in the late-epoch data g′, r′ =
6
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Fig. 9. Finding chart of the field of GRB 090927 (GROND
g′r′i′z′-band combined). Left: First-epoch detection of the after-
glow with GROND. Right: Deep, late-epoch observation of the
field in June 2011. The circle (2.′′5 in radius), drawn to guide the
eye, is centered at the position of the optical afterglow. A and B
label the two galaxies nearest to the afterglow.
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Fig. 10. Combined GROND g′r′i′z′-band (white) image of the
field of GRB 100117A taken half a year after the burst. The cir-
cle is just drawn to guide the eye, it is centered at the position
of the optical transient discovered by Fong et al. (2011) and cir-
cumscribes the GRB host galaxy.
25.44 ± 0.37, 24.60 ± 0.35, resulting in a decay between both
epochs of 1.07 ± 0.45 mag and 0.88 ± 0.39 mag, respectively.
The second-epoch data can be used to remove the host
galaxy flux from the first epoch data. Based on this result, we
obtain an afterglow magnitude of r′ ∼ 24.3 during our first-
epoch observations at a mean time of t = 4.3 hr. We can esti-
mate the decay slope of the afterglow light curve by compar-
ing this result with the r-band detection of the afterglow by
Fong et al. (2011) 8.3 hrs after the burst. This gives α ∼ 1.3,
assuming no color transformation between both filters. This re-
sult is confirmed by combining the GROND g′r′i′ images into
a white band. Figure 11 shows the corresponding light curve of
the afterglow during the first night, providing a slope of α = 1.2,
indicating that during this time period the afterglow was still in
its pre jet-break phase.
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Fig. 11. Combined GROND g′r′i′ white-band light curve of
the decaying afterglow of GRB 100117A, centered on galaxy
(Fig. 10). Also shown is the host galaxy magnitude as a straight
line, including the 1σ error (measured by GROND eight months
after the burst). Note that the y−axis shows arbitrarily magni-
tudes.
Energy budget: Swift/XRT data do not cover the time pe-
riod when GROND and Fong et al. (2011) were observing. The
last X-ray detection is at 477+101
−57 s after the trigger (Evans et al.
2010). In particular, since the very last XRT data point at around
0.5 d is only an upper limit, optical and XRT data cannot be
compared. If the afterglow was in the pre-jet break decay phase
until at least 8.3 hr after the burst, in combination with the ob-
served isotropic equivalent energy of Eiso = 51.0+0.1−0.1 × 1050
erg (Kann et al. 2011) and a redshift of z = 0.92 (Fong et al.
2011), the lower limit on the jet half-opening angle is (Eq. 1)
Θjet = 2.4 × (n/0.01)1/8 deg and Ecor & 4.6 1048 × (n/0.01)2/8
erg.
Host galaxy: Our data do not allow us to measure the
offset of the afterglow from its host galaxy center; Fong et al.
(2011), using their Gemini-N/GMOS observations, obtained
60±40 mas, corresponding to 0.5 ± 0.3 kpc.
3.2. GRBs with no afterglow detected by GROND
The results for those 14 out of 20 GRBs where GROND could
not detect the afterglow are summarized in Table 4. In most
cases we were on target within some hours after the burst. In
all cases deep upper limits can be provided, in particular in the
NIR, where we reach up to J=22.7, H=22.0, and Ks=21.2. The
individual observations by GROND are described in detail in the
appendix. However, of particular interest are two events (GRB
080919, 100702A), where observations started within less than
10 min after the trigger.
3.2.1. GRB 080919
GROND started observing the field 8 min after the burst. Due
to a delay in secure XRT coordinates (Preger et al. 2008a), dur-
ing the first 30 min only the NIR images cover the afterglow
position. Deep second-epoch observations were performed with
GROND three years after the burst. Image subtraction was per-
formed between second and first-epoch data in all bands but no
afterglow was found. Probably the main reason for this non-
7
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Table 4. Summary of the 3σ upper limits for the short-burst afterglows not detected with GROND based on first-epoch data (AB
magnitudes).
# GRB tGRB Ref. tobsstart mean < dt > g′ r′ i′ z′ J H Ks
(UT) (UT) (UT) (hh:mm:ss)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
1 070729 00:25:53 1 29-Jul-2007, 07:09:53 09:13:33 08:47:40 24.5 24.7 24.4 24.3 22.7 21.8 –
2 071112B 18:23:31 2 13-Nov-2007, 00:11:25 00:49:15 06:25:44 24.6 24.4 23.8 23.5 21.6 20.7 20.0
3 071227 20:13:47 3 28-Dec-2007, 00:20:05 00:23:14 04:09:27 – 20.6 20.0 20.4 20.0 19.8 19.4
4 080905A 11:58:54 4 06-Sep-2008, 05:22:14 05:27:53 17:28:59 23.0 22.8 22.3 21.9 20.4 19.9 19.6
5 080919 00:05:13 5 19-Sep-2008, 00:13:31 00:16:52 00:11:39 – – – – 19.6 19.4 19.3
00:13:31 00:20:34 00:15:21 – – – – 19.8 19.5 19.5
00:28:09 00:39:16 00:34:03 – – – – 19.8 19.7 –
00:53:11 01:22:37 01:17:24 23.5 22.7 22.2 21.9 19.7 19.7 19.8
7 081226B 12:13:11 6 27-Dec-2008, 01:30:14 02:00:55 13:47:44 25.5 25.2 24.3 23.9 22.0 21.5 20.5
12 091109B 21:49:03 7 10-Nov-2009, 03:31:40 03:45:58 05:56:55 23.6 23.3 22.2 21.9 20.3 19.7 19.0
13 091117A 17:44:29 8 19-Nov-2009, 00:46:48 01:13:45 31:29:16 25.0 24.8 24.0 23.5 21.7 21.2 20.4
15 100206A 13:30:05 9 07-Feb-2010, 00:33:50 01:09:43 11:39:28 24.7 24.4 23.9 23.1 21.7 21.3 20.4
16 100625A 18:32:28 10 26-Jun-2010, 06:13:15 06:43:04 12:10:36 23.6 23.1 22.8 22.9 21.8 21.2 20.3
17 100628A 08:16:40 11 29-Jun-2010, 01:24:19 02:08:49 17:52:09 24.2 24.5 23.9 23.9 22.6 22.0 21.2
18 100702A 01:03:47 12 02-Jul-2010, 01:06:38 01:09:51 00:06:04 24.1 23.6 23.0 22.5 20.4 20.0 19.3
01:06:38 01:13:27 00:09:40 24.4 23.8 23.2 22.7 20.6 20.1 19.5
01:21:04 01:48:27 01:44:40 24.9 24.1 23.5 23.0 20.6 20.3 19.8
19 101129A 15:39:32 13 30-Nov-2010, 06:20:25 07:11:30 15:31:58 24.7 24.7 24.2 23.9 22.0 21.4 20.5
20 101219A 02:31:30 14 19-Dec-2010, 03:55:06 05:09:48 02:38:18 23.8 23.9 23.4 23.2 22.4 22.0 20.9
Notes: Column #3: GRB trigger time (UT); column #5: time after the burst when the first optical OB5 was started; column #6: mean observing
time; column #7: difference between column #6 and #3 (always in hh:mm:ss). columns #8 -#14: 3σ upper limits. Notes to individual bursts:
GRB 071227: just 1 OB was taken in the first night (4 min), the g′ band is not useful; GRB 080905A: just 1 OB was taken (8 min), g′r′i′z′ are
calibrated based on GROND zeropoints; GRB 081226B: The optical upper limits refer to the southern 50% of the error circle, the other part was
not imaged in g′r′i′z′; GRB 100206A: This supercedes the information given in Nicuesa Guelbenzu et al. (2010). General: Note that in the case of
large BAT/IBIS error circles the true limiting magnitudes of the afterglow might be 1 mag less deep than the limiting magnitudes of the images as
given here. References: 1 = Guidorzi et al. (2007c), 2 = Perri et al. (2007), 3 = Sakamoto et al. (2007a), 4 = Pagani et al. (2008b), 5 = Preger et al.
(2008b), 6 =Mereghetti et al. (2008), 7 = Grupe et al. (2009b), 8 = Cummings et al. (2009), 9 =Krimm et al. (2010c), 10 =Holland et al. (2010b),
11 = Immler et al. (2010), 12 = Siegel et al. (2010b), 13 = Cummings et al. (2010), 14 = Gelbord et al. (2010).
detection is the presence of a bright star inside the error circle
which makes it difficult to detect any faint transient in spite of the
small XRT error circle (90% c.l. radius r = 1.′′6; Evans 2011b).
Therefore, we note that the upper limits we provide in Table 4
refer to isolated objects in the field while the more reliable up-
per limits for the afterglow can be substantially less deep than
reported there.
3.2.2. GRB 100702A
GROND started to observe the field 2.5 min after the burst.
Inside the 90% c.l. XRT error circle (r=2.′′4; Siegel et al. 2010a)
the GROND data reveal two bright objects (A, B) within the
XRT error circle and two others (C, D) close by (Fig. 13; see
also Malesani et al. 2010). Objects A and B look have a point-
like PSF and might be stars, while C and D might be galaxies.
Image subtraction and PSF photometry in each band was per-
formed for all objects but no evidence for variability was found,
neither in the optical nor in the NIR bands; only upper limits
can be provided for any afterglow (Table 4). Similarly to GRB
080919, the upper limits refer to isolated objects in the field.
4. Discussion
Including our discovery of the afterglow and host galaxy of GRB
081226A, nine out of 20 short-bursts in our sample have a dis-
covered optical transient, while six have only a Swift/XRT and
GRB 080919
10"
N
E
Fig. 12. The field of GRB 080919. The XRT error circle (radius
r = 1.′′6) lies close to a relatively bright foreground star.
four have only a BAT/IBIS localization with no optical after-
glow. Among the 9 bursts with detected optical transient six
events have a redshift reported in the literature. An additional
redshift information comes from the identification of the host
galaxies in the case of GRBs 100206A (Cenko et al. 2010a;
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Fig. 13. Finding chart of the field of GRB 100702A in the
GROND J band. Shown also is the 90% c.l. XRT error circle
(r = 2.′′4; Siegel et al. 2010a).
Perley et al. 2011), 100628A (Cenko et al. 2010b), and 101219A
(Chornock & Berger 2011). These redshifts range from z = 0.10
(GRB 100628A) to z = 2.61 (GRB 090426). Four of the 9 bursts
have a redshift of smaller than 0.5, a high percentage compared
to the long-burst population; for more redshifts of short-bursts
see the compilations by Berger (2009) and Kann et al. (2011).
The best-sampled light curves are those of GRB 090426 (pa-
per I) and GRB 090510 (paper II) followed by (ordered by sam-
pling quality) GRBs 090305, 081226A, 090927, and 100117A.
Only the afterglow of GRB 090426 has NIR detections. In three
cases we find a clear break in the light curve, partly in combi-
nation with data obtained at other facilities. Two of these events
(GRBs 090426, 090510) were imaged by GROND in the post-
break decay phase only and for GRB 090305 the data included
also the pre-break phase. In principle, the three breaks might be
interpreted as jet breaks but for GRB 090510 the Swift/UVOT
data suggest a different explanation, namely the passage of the
injection frequency across the GROND bands (for details see
Kumar & Barniol Duran 2010, De Pasquale et al. 2010 and pa-
per II). For the other three cases the light curves can be fitted
with a single power law and, based on the deduced decay slope,
observations were performed during the pre-jet break evolution-
ary phase. The light curve decay slopes as well as the spectral
slopes are not different from what is known for the long-burst
sample (Table 5).
4.1. Optical luminosities
In the last years, evidence has been mounting that the classical
T90 division between short and long GRBs is not transferable to a
more physically inspired division between progenitor models. It
seems that merging compact objects may result in high-energy
emission on timescales far exceeding T90 = 2 s, whereas con-
versely collapsar-triggered GRBs can be luminous short spikes
with T90,rest < 2 s. This led Zhang et al. (2007) to propose, anal-
ogous to the designations of supernovae, that GRBs come in two
types: Type I GRBs stem from the coalescence of massive com-
pact objects, whereas Type II GRBs are associated with the core-
collapse of massive stars. Zhang et al. (2009) studied the obser-
Fig. 14. Light curves of long and short GRB afterglows. These
light curves have been corrected individually for Galactic fore-
ground extinction following Schlegel et al. (1998), and, if pos-
sible, host galaxy contribution. The thin gray lines are the
long GRB sample of Kann et al. (2010). The red squares con-
nected by splines represent the afterglow detections reported
by Kann et al. (2011). The short GRB afterglows detected by
GROND and presented in paper I and II as well as this work are
given as labeled thick black lines (they may include additional
data beyond the GROND detections). Upper limits presented in
this work (Table 4) are given as blue triangles. GRB 100702A
is highlighted also because of its very early upper limits. The
last data point for GRB 100117A is from Fong et al. (2011), the
others as well as the data for GRBs 090305 and 081226A are
presented in this paper. Early data for GRB 090927 are taken
from Klotz et al. (2009), Levan et al. (2009a), Cano et al. (2009)
as well as Kuin & Grupe (2009).
vational signatures of the two classes and devised a scheme to
classify GRBs. Kann et al. (2011) studied a large sample of Type
I candidate GRBs, adding the optical afterglow luminosity at late
times as an additional criterion to discern the two classes, with
Type I GRB afterglows being much less luminous than those of
Type II GRBs.
So far, in this work, we have discussed the sample based on
the classic T90 division. What can the optical luminosity of the
afterglows (or upper limits thereon) tell us about the likely pro-
genitor systems? Figure 14 is a continuation of the plots shown
in Kann et al. (2006, 2010, 2011). Against the background of
Type II GRB afterglow light curves (thin gray lines), we show
the Type I GRB afterglow detections as presented in (Kann et al.
2011; red squares connected by splines, upper limits have been
omitted for clarity) as well as the detected afterglows (thick
black splines) and upper limits (downward-pointing blue trian-
gles) derived by GROND in this work as well as in paper I and
II.
Already in this plot it is visible that the short GRB afterglows
are less bright than the mean brightness of the long GRB after-
9
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Fig. 15. The light curves of the six GROND-detected short GRB afterglows as well as the upper limits in the redshift z = 1 frame.
The labeling is identical to Figure 14. GRBs 090426 and 090927 are likely Type II. The luminosity is in units of erg/s. See text for
further details.
glows, with half of them (GRBs 090305, 10017A and 081226A)
being as faint or fainter than the faintest so-far detected long
GRB afterglows. A true comparison needs to account for the
redshift and intrinsic extinction, though.
Figure 15 shows the light curves of the six short GRBs de-
tected with GROND in the z = 1 reference frame, having been
corrected for both distance and intrinsic reddening in the GRB
host galaxy, if possible (Kann et al. 2006; Nardini et al. 2006).
A redshift of z = 0.5 and zero host extinction was assumed
for all cases where these values are not known. Of the six af-
terglows, that of GRB 090426 is now seen to be the most lu-
minous, followed by the ones of GRBs 090927 and 090510.
Several arguments have already been put forward that the ori-
gin of 090426 was a collapsar event (see paper I and references
therein). Between about 0.01 and 0.1 d after the burst (mea-
sured in the GRB host frame), its magnitude (for the fixed dis-
tance a measure of the luminosity) was about 2 mag brighter
than the magnitude of the optical afterglow of the other two
events. The optical afterglow of GRB 090510, if due to a merger
event, must be characterized as very luminous between ∼ 0.005
and 0.1 d after the burst. Because of its emission in the 10-
100 GeV band and its outstandingly small jet half-opening
10
Nicuesa Guelbenzu et al.: short GRBs
angle of Θjet . 1◦ (De Pasquale et al. 2010; He et al. 2011;
Kumar & Barniol Duran 2010, paper II; if correctly interpreted
in this way), it was special in several other respects, too. The op-
tical afterglow of GRB 090927 reached the luminosity of the af-
terglow of GRB 090426 at about 1 d after the burst, but its further
evolution is unfortunately unknown. This moderately high opti-
cal luminosity along with significant lag and other spectral char-
acteristics (Stamatikos et al. 2009) and a redshift beyond what
is seen for Type I GRBs (Levan et al. 2009a) argue that GRB
090927 is also likely to be a Type II GRB. All other afterglows
with GROND detections or GROND upper limits fall well within
the Type I GRB sample.
Between about 0.01 and 0.1 d (host frame time) the three op-
tical afterglows mentioned above (which have a measured red-
shift) were about 7±1 mag brighter than the afterglows of GRBs
081226A, 090305, and 100117A (among which only the latter
has a secure redshift).6 For GRB 090510, the situation changes
after about 0.1 d, when the early break and following steep de-
cay (paper II) lead it to become much fainter than the Type II
GRB afterglows (see also Kann et al. 2011). From the perspec-
tive of optical luminosities, we therefore find additional evidence
for a collapsar origin of GRB 090927, despite its short dura-
tion, whereas there is no evidence indicating that GRBs 090305
and 081226A are not members of the classical short/Type I GRB
population. We note in passing, though, that Panaitescu (2011)
also discussed a collapsar origin for GRB 090510.
4.2. Jet half-opening angles
Observations of jet breaks in short-burst afterglow light curves
are rather sparse, in the optical as well as in the X-ray band. In
the optical band, the best-sampled cases are GRBs 090426 and
090510, but the former burst is suspected to be due to a collap-
sar explosion rather than due to a merger event (e.g., Tho¨ne et al.
2011), while the latter stands apart even from the long-burst sam-
ple due to its very small jet half-opening angle (He et al. 2011).
The third member of this group is GRB 050709 with an esti-
mated Θjet ∼ 14 deg (Fox et al. 2005), which is based on a very
sparsely sampled light curve, however.
In the X-ray band the observational situation is not
much better. The best case might again be GRB 090510
(De Pasquale et al. 2010), followed by GRBs 050724, 051221A,
061201, and 111020A. Unfortunately, the first burst (GRB
050724) allows only for an estimate of a lower limit on Θjet
(& 25 deg; Grupe et al. 2006; Malesani et al. 2007), while GRB
051221A relies on a rather well-sampled light curve (leading
to Θjet ∼4–8 deg; Burrows et al. 2006; Soderberg et al. 2006).
The X-ray light curve of GRB 061201 is well-sampled, too
(Stratta et al. 2007); again the observed break time is quite early
(∼40 min; Θjet=1–2 deg). Recently, Fong et al. (2012) reported
on the X-ray light curve of the short burst 111020A, which
showed a break at 2 d, leading to an estimated Θjet = 3 − 8
deg for an assumed z=0.5-1.5 and n ∼0.01 cm−3.
Figure 16 shows the observed distribution of jet half-opening
angles of long-bursts based on the compilation of Lu et al.
(2012) compared to the short-burst sample (a similar plot is re-
cently shown by Fong et al. (2012). The latter contains the re-
sults summarized in Table 5, supplemented by GRBs 061006
(Θjet ∼ 5 deg), 070714B (Θjet & 4 deg), and 071227 (Θjet & 4
deg) taken from the compilation of Fan & Wei (2011) but us-
6 if the redshift of the former two bursts is not 0.5, as assumed here,
but somewhere in the range between 0.2 and 1.0, then this magnitude
difference changes by about ±2 mag
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Fig. 16. The observed distribution of jet half-opening angles of
74 long bursts (based on the compilation in Lu et al. 2012) com-
pared to the short-burst sample. Since the latter has much less
data, we do not plot a histogram but only points. An arrow in-
dicates a lower limit on Θjet. The Type I events GRB 051221A,
060614, and 070714B listed in Lu et al. (2012) have not been
used for the plot of the long-burst data.
ing ηγ = 0.2 instead of 1.0 (i.e., multiplying their numbers by
0.8; Eq. 1). At a first view, this figure shows tentative evidence
that short bursts have wider jet-opening angles than long bursts.
Some caution is necessary, however. First at all, when calculat-
ing the jet half-opening angles, Lu et al. (2012) assumed n = 0.1
cm−3 and ηγ = 0.2 throughout. Even though Θjet is only mod-
estly sensitive to changes in both parameters (see Eq. 1), gas
densities derived for bursts based on multi-wavelength data show
a spread from burst to burst by several orders of magnitude (e.g.,
Panaitescu & Kumar 2001). Second, error bars in Θjet are not
taken into account in the histogram. Similarly, our standard as-
sumption of n = 0.01 cm−3 for short bursts is a simplification,
too. Possibly for individual bursts it can be wrong by a factor
of up to 100 in both directions. Finally, our plot contains only
long bursts with measured jet break times. A more detailed study
should also contain those long bursts for which only a lower limit
on Θjet can be given (e.g., Grupe et al. 2007).
4.3. X-ray afterglows
We selected from the Swift Burst Analyser (Evans et al. 2010)
all bursts with detected X-ray afterglow and measured redshift
that were detected between January 2005 and August 2011.
We then shifted all light curves to their rest frames following
Greiner et al. (2009). If no redshift information is available for
a short-burst in our sample (Table 1), we assumed a redshift of
z = 0.5.
Figure 17 displays the resulting luminosity evolution of
those 14 bursts in our sample for which an X-ray afterglow
light curve can be constructed, i.e., the X-ray afterglow is de-
tected during at least two epochs. This excludes GRBs 071112B,
081226B, 090305, 091117A, and 101129A from the plot, which
have no afterglow detection at all, and it also excludes GRB
100206A that is only detected once. The figure also shows the
luminosity evolution of 191 long GRBs with measured redshift.
In addition, we overplot the short-burst sample compiled by
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Table 5. Summary of the data for the six bursts with optical afterglow detection by GROND.
GRB α1 α2 tb [ks] βopt Θjet[deg] Ecor [erg]
081226A 1.3 ± 0.2 – >10 – &2.6 & 2.1+1.3
−0.4 × 1047
090305 0.56 ± 0.04 2.29 ± 0.60 6.6 ± 0.4 0.52 ± 0.15 2.2 ± 0.2 1.6+0.9
−0.4 × 1047
090426 0.46 ± 0.15 2.43 ± 0.19 34.5 ± 1.8 0.76 ± 0.14 6.5 ± 0.4 4.2 ± 1.4 × 1048
090510 1.13 ± 0.11 2.37 ± 0.29 1.6 ± 0.4 0.85 ± 0.05 ∼ 1 ∼ 3 × 1049
090927 1.32 ± 0.14 – >600 0.57+0.17
−0.10 & 12 ± 2 & 1.0+0.3−0.2 × 1050
100117A ∼ 1.3 – >30 – &2.4 & 4.6 × 1048
Notes: GRB 090426: The light-curve parameters refer to the wide jet solution (see paper I). GRB 090510: Light curve parameters of this burst are
interpreted as a jet at very early times. α1 as well as tb were taken from the optical fit as reported in De Pasquale et al. (2010); Θjet and Ecor were
taken from He et al. (2011). For the other bursts see this work. GRB 090927: Constraints on the jet break time come from the X-ray data (Fig. 6).
The results refer to a wind model.
Kann et al. (2011), consisting of an additional group of 19 events
that are not included in our short-burst sample.
Figure 17 demonstrates that the X-ray afterglows of short-
bursts represent the low end of the luminosity distribution of
X-ray afterglows. They are on average a factor of ∼ 100 less
luminous than those of long-bursts, similar to what is seen
for optical afterglows (Fig. 15; see also Gehrels et al. 2008;
Nysewander et al. 2009; Kann et al. 2011). However, with the
single exception of GRB 050509B, short-bursts do not represent
the least-luminous X-ray afterglows known. There is a contin-
uous overlap between both populations; for certain time inter-
vals several long-burst afterglows are even less luminous than
the population of short-burst afterglows.
There is a remarkable concentration of short-burst afterglows
in a relatively narrow luminosity band around LX, (0.3−10) keV] ≃
1048 erg/s at t ∼ 100 s in the rest frame. Even after removing
bursts with assumed redshifts, the concentration is still present,
indicating that this is a genuine feature and is not an artifact
caused by bursts with assumed redshifts. After that time the lu-
minosities of most short-burst afterglows drop notably and their
luminosity distribution broadens by an additional factor of ∼ 10
to a final range of ∼ 100, which holds up to at least t=1 d.
At even later times most short-bursts are not detected anymore.
Outstanding here is the X-ray afterglow of GRB 060614, which
was detected until t = 2 × 106 s (rest-frame), while in our sample
only three events (GRBs 090426, 090927, and 100628A) have
been detected beyond t = 105 s. We caution that the former two
are possibly Type II GRBs, i.e. originating from the gravitational
collapse of a massive star.
In our sample, the X-ray afterglows of the short-bursts
GRBs 071227 (z = 0.383; D’Avanzo et al. 2007) and 080905A
(z = 0.122; Rowlinson et al. 2010) have the lowest luminosi-
ties, while GRB 090927 (z = 1.37; Levan et al. 2009a) and
090426 (z = 2.609; Levesque et al. 2009) are the most lumi-
nous short-bursts in our sample, again we stress that the latter
two are likely Type II GRBs. Adding the data set discussed in
Kann et al. (2011), then the X-ray afterglow of GRB 050509B
represents the low end of the luminosity distribution between
∼ 0.3 ks and ∼ 30 ks, followed by GRBs 061201, 060505,
and 0606147 at later times. On the other hand, the most lu-
minous short-burst afterglows are that of GRBs 080503 and
051210 which reach log (LX, (0.3−10) keV][erg/s])) ≃ 49.25 during
the peak of their emission at ∼ 100 s. Only the X-ray after-
glow of GRB 060121 is more luminous at later times, assuming
7 which is likely a Type I GRB despite its long duration, Zhang et al.
2009, Kann et al. 2011
z = 4.6 (de Ugarte Postigo et al. 2006; but this GRB is possibly
also Type II GRB, Kann et al. 2011).
5. Summary
We have reported on the results of 3.5 yrs follow-up observations
of short-duration GRBs (defined by T90 < 2 s) using the multi-
channel imager GROND mounted at the 2.2-m telescope on La
Silla. GROND is especially designed to perform rapid follow-
up observations of afterglows, which is particularly useful for
short-duration GRBs because of their on average very faint opti-
cal afterglows (Nysewander et al. 2009; Kann et al. 2010, 2011).
To our knowledge, what we have presented here is one of the
most comprehensive data sets on short-burst follow-up observa-
tions published so far, although most of them provide only upper
limits.
Among the twenty events followed-up by GROND, in six
cases GROND could image the fading optical afterglow. Five of
them had already been known in the literature (GRBs 090305,
090426, 090510, 090927, 100117A), and the GROND follow-up
observations of GRBs 090426 and 090510 were already repre-
sented in paper I and II. The new discovery reported here is the
optical afterglow of GRB 081226A. It was imaged by GROND
superimposed on its faint host galaxy (r′ ∼ 25.8) and faded
away already within 10 ks after the burst. GRB 081226A also
belongs to those three cases in our sample where GROND was
on target within 10 min after the trigger. The other two events
(GRBs 080919 and 100702A), even though with very small X-
ray error circles, were unfortunately located in fields crowded
by stars, preventing the discovery of the optical/NIR afterglow
in any band.
Three of the six optical afterglow light curves (GRBs
090305, 090426, 090510) show a break that can be interpreted as
a jet break. The other three afterglows (GRBs 081226A, 090927,
100117A) show a decay slope in agreement with a pre-jet break
evolution, allowing us to set at least lower constraints on their
corresponding jet half-opening angle, Θjet. When comparing
these results with the long-burst population, we find tentative ev-
idence for wider jet-opening angles of short bursts compared to
their long-duration relatives. However, it might need another 20,
or so, short-burst afterglow light curves with well detected jet
breaks before observations can seriously start to constrain the-
oretical models. Moreover, it should be kept in mind that some
long-duration GRBs have relatively large jet-opening angles, too
(e.g., Grupe et al. 2007; Racusin et al. 2009; Liang et al. 2008);
a clear separation between long and short bursts with respect to
their Θjet values does obviously not exist.
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Fig. 17. Shown here is the luminosity evolution of the X-ray afterglows of the short-bursts in our sample. Highlighted are the
bursts with optical afterglows (Figs. 14,15). Black lines represent the afterglows of the likely Type II events GRB 090426 and
GRB 00927, green the afterglows of the Type I events GRBs 081226A, 090510, and 100117A. No X-ray afterglow light curve
was reported for GRB 090305. Overplotted is also the short-burst sample compiled by Kann et al. (2011) (red color) as well as the
X-ray afterglows of the long-burst sample with known redshift (gray). All short-burst afterglows are less luminous than the mean of
long-burst-afterglow luminosities (orange line), however there is a continuous overlap between short and long GRB afterglows.
The separation between merger and collapsar events be-
comes more evident when the luminosities of their optical and
X-ray afterglows are compared. If the Type I/II classification
scheme is used, GRBs 090426 and 090927 have a collapsar ori-
gin (Kann et al. 2011), and in fact their afterglow luminosities in
the optical band lie in the region occupied by the main body of
the long-burst/collapsar population (Fig. 15). The optical lumi-
nosities of the afterglows of the Type I GRBs 081226A, 090305,
and 100117A are substantially smaller and stand apart from the
parameter space occupied by the long-burst sample. On the other
hand, the optical afterglow of GRB 090510, which was special
due to its very high-energy emission (see appendix), seems to be
an intermediate case.
Seven years after the first precise localizations of short-
duration GRBs by Swift, the discovery of their optical after-
glows remains an observational challenge. Even though the
list of well-localized short-bursts is not that small anymore
(Nysewander et al. 2009; Kann et al. 2011; for a continuous up-
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date see footnote 1), the number of well-observed light curves
of short-burst afterglows is rather small. Progress in this respect
might be strongly linked to the availability of GRB-dedicated in-
struments on at least medium-class optical telescopes. GROND
is one of them.
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Appendix A: Data tables
Table A.1. Log of the GROND observations of the afterglow
(plus host) of GRB 081226A (Fig. 2). These results supercede
the data given in Afonso et al. (2008).
Time (s) g′ r′ i′ z′ J H Ks
1320 > 24.1 23.59(22) > 23.1 22.86(35) >20.9 > 20.3 >19.6
4070 25.48(30) 24.76(24) 24.40(35) 23.73(24) >21.8 > 21.3 >20.1
21650 25.56(23) 25.75(34) > 24.9 > 24.5 >21.9 > 21.4 >20.3
2.44E6 25.85(24) 25.75(34) > 25.0 > 24.5 >22.2 > 21.6 >20.6
Table A.2. Log of the GROND observations of the afterglow of
GRB 090305 (Fig. 4).
Time (s) g′ r′ i′ z′
2014 – 23.13(09) 22.96(18) –
2568 23.77(19) 23.26(13) – –
3318 23.79(15) 23.55(15) 23.24(19) –
3925 – 23.68(13) – –
4367 – 23.61(07) – –
4594 24.07(09) – 23.55(13) –
4814 – 23.92(11) – –
5262 – 23.82(20) – –
5495 – – – 23.46(12)
5719 – 23.74(11) – –
6166 – 23.91(08) – –
6392 24.534(13) – 23.70(11) –
6613 – 23.91(08) – –
7065 – 23.86(08) – –
7519 – 24.14(27) – –
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Table A.3. Log of the Gemini observations of the afterglow of
GRB 090305 (Fig. 4).
Mid-time g′ Mid-time r′
(s) mag (s) mag
2859 23.89(05) 1681 23.18(03)
3329 23.94(05) 2150 23.21(03)
3800 24.02(07) 2621 23.43(04)
– – 5220 23.77(05)
– – 5689 23.82(05)
– – 6159 23.89(05)
– – 6478 24.04(04)
– – 7587 24.29(04)
Table A.4. Log of the GROND observations of the afterglow of
GRB 090927 (Fig 6).
Time (s) r′ i′
61700 21.90(09) 21.79(06)
62380 21.86(15) –
63036 21.93(05) –
65325 21.89(07) –
150945 23.18(21) 23.03(22)
Appendix B: GRBs without afterglow detection by
GROND
B.1. GRB 070729
The original 90% c.l. XRT error circle radius was 5.′′7
(Guidorzi et al. 2007a), which was refined to 4.′′5 some hours
later (Guidorzi et al. 2007b). A host galaxy candidate was soon
reported (Berger & Kaplan 2007). However, the final XRT posi-
tion lies about 9′′ north-east and does not overlap with the pre-
vious XRT error circle (Evans 2011a,b).
GRB 070729 was the first short GRB observed with GROND
after its commissioning in mid-2007. GROND observations
started 6 hrs after the burst and continued for 4.5 hrs until sun-
rise. A second-epoch observation was performed the following
night for 1 hr. No transient object between the two epochs was
detected in any band (Ku¨pcu¨ Yoldas¸ et al. 2008).
B.2. GRB 071227
GROND started observing the field 4 hr after the GRB trigger. At
that time the weather conditions were not good. GROND could
not detect the afterglow in any band (Table 4). Second-epoch ob-
servations were performed the following night. GROND was on
target 29 hr after the burst and observed for one hour. At that time
the host galaxy had already been discovered by Swift/UVOT
(Sakamoto et al. 2007a; Cucchiara & Sakamoto 2007), and its
redshift was measured to be z = 0.381 ± 0.001 (D’Avanzo et al.
2007, 2009; Berger et al. 2007b). VLT observations revealed an
optical afterglow situated 3.′′1 away from the centre of its host,
an edge-on galaxy (D’Avanzo et al. 2008, 2009). GROND could
not detect the afterglow anymore, only deep limiting magnitudes
can be provided: g′r′i′z′JH = 25.5, 25.0, 24.2, 24.4, 21.5, 20.5
at 29 hrs after the burst. The r′-band upper limit is in agreement
with the expectations based on the VLT R-band detection at 0.3 d
after the burst if the optical afterglow was fading analogous to
its X-ray counterpart with a decay slope of α ∼1 (see figure 7
in D’Avanzo et al. 2009). The GRB host galaxy is discussed in
detail by D’Avanzo et al. (2009).
B.3. GRB 080905A
GROND started observing the field of GRB 080905A about
17.5 hrs after the burst. Observations continued for only 11
min at a seeing of 2.′′2. The combined g′r′i′z′-band image as
well as the combined JHKs-band image do not show the af-
terglow and faint host galaxy discovered with the ESO/VLT
(Rowlinson et al. 2010). Our-non detection is in agreement with
these authors, according to which at the time of our observations
the magnitude of the afterglow was around RC = 24, about 1 mag
below our detection limit. Although the field is very crowded
with stars, the afterglow was situated in a region free of stars. In
addition, it was well separated from the center of its suspected
anonymous host galaxy. Therefore, the upper limits we can pro-
vide (Table 4) are not affected by the light of the host galaxy. We
refer to Rowlinson et al. (2010) for a detailed study of this burst
and its host galaxy.
B.4. GRB 091109B
GROND observed GRB 091109B six hrs after the trigger. The
weather conditions over La Silla observatory were not good at
that time. Although GROND was on target for one hour, obser-
vations were not deep enough due to clouds. Inside the 2.′′8 90%
c.l. XRT error circle no source can be detected in the GROND
images (Table 4).
A faint optical transient was discovered by VLT/FORS in
the RC band at the same time when GROND was observing
(Levan et al. 2009b; Malesani et al. 2009), but it was not de-
tected in the NIR (VLT/HAWKI). The non-detection of the after-
glow by GROND is in agreement with the magnitude reported by
Levan et al. (2009b), RC ∼ 25, which is deeper than our limiting
r′-band magnitude (23.3; Table 4). Re-analysing the VLT/FORS
data, we find that from 20 ks to 40 ks the light curve of the af-
terglow can be fitted with a single power law with a slope of
α = 0.80 ± 0.04. For this time period, there are also simultane-
ous Swift/XRT observations which, within errors, can be fitted
with the same decay slope (αX = 1.08 ± 0.36).
B.5. GRB 100206A
GROND started observing the field 11 hrs after the trigger.
Observations were performed at high airmass and under poor
seeing conditions. No evidence for an afterglow candidate was
found in any band (Nicuesa Guelbenzu et al. 2010). Perley et al.
(2011) published a detailed investigation of the GRB host
galaxy.
B.6. GRB 100625A
GROND visited the field of GRB 100625A several times. First-
epoch observations started 11.7 hrs after the GRB trigger and
lasted for about 1 hour. Second-epoch observations were done
on June 27, about 39 hrs after the trigger, and a third run was
performed on July 1 (about 5.5 d after the trigger). Further data
of the field were collected in 2010.
Within the r = 1.′′8 90% c.l. XRT error circle (Goad et al.
2010b) an object is detected in all GROND epochs, the potential
GRB host galaxy (Berger et al. 2010a). No evidence was found
in the GROND data for a decaying afterglow superimposed upon
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this galaxy (Table 4; note that these upper limits refer to an iso-
lated afterglow).
B.7. GRB 100628A
GROND started observing the field about 17 hrs after the GRB
trigger and remained on target for 1.5 hrs. At that time, two ex-
tended objects were already detected inside the final 90% c.l.
XRT error circle (Berger et al. 2010e,d). No optical afterglow
was detected.
B.8. GRB 101219A
Observations with GROND started about 80 min after the GRB
trigger and continued for about two hrs. Although observations
were performed under good weather conditions (seeing 0.′′8, air-
mass 1.1), the proximity of the Moon affected the depth of the
observations. No optical transient was detected by GROND in
any band down to deep flux limits (Table 4).
B.9. GRBs with arcmin-sized error circles
This sample contains four bursts where only a Swift/BAT or, in
one case, an INTEGRAL/IBIS error circle is known, which are
typically 3 arcmin in radius. These events are GRBs 071112B,
081226B, 091117A, and 101129A. Because of visibility con-
straints by GROND or Swift/XRT in these cases GROND was on
target not earlier than between 6 and 31 hrs after the correspond-
ing GRB trigger. Given that, on average, short GRB afterglows
are intrinsically substantially fainter than those of long GRBs
(see Kann et al. 2010, 2011), it was not very likely that in these
cases GROND could image the afterglow in any band. Indeed,
only upper limits can be provided (Table 4).
Appendix C: Additional observations reported in
the literature
C.1. GRB 070729
Swift/BAT triggered on GRB 070729 at 00:25:53 UT
(Guidorzi et al. 2007a) and had a duration of T90(15-350 keV)
= 0.9 ± 0.1 s (Guidorzi et al. 2007c). The burst was also seen
by Konus A (Golenetskii et al. 2007b). An uncatalogued X-ray
source was found by Swift/XRT but no optical afterglow by
Swift/UVOT (Guidorzi et al. 2007a). Inside the initial r = 5.′′7
XRT error circle Berger & Kaplan (2007) reported the detection
of an extended object visible in the K band. A refined XRT
error circle with a radius of r = 4.′′5 was later reported by
Guidorzi et al. (2007b). This error circle lies 3.′′2 away from the
initial XRT position. Optical follow-up observations were per-
formed in the R band with the Swope 40-inch telescope at Las
Campanas Observatory but no sources were detected inside the
XRT error circles, implying that the aforementioned galaxy is a
red object (Berger & Murphy 2007). No afterglow was detected
in the radio band (Chandra & Frail 2007). The position of the
XRT afterglow was later refined again and shifted by about 5′′
in NE direction while it shrunk to r = 2.′′5 (Evans 2011a,b).
C.2. GRB 071227
This was a bright and multi-peaked GRB with T90(15-350
keV) = 1.8 ± 0.4 s that triggered Swift/BAT at 20:13:47 UT
(Sakamoto et al. 2007a; Sato et al. 2007). It was also detected
by Konus-Wind (Golenetskii et al. 2007a) and Suzaku-WAM
(Onda et al. 2008). Swift localized a bright X-ray afterglow
(Beardmore et al. 2007). UVOT observations (Sakamoto et al.
2007a; Cucchiara & Sakamoto 2007) revealed a single faint
source near the XRT error circle, which was identified
as a galaxy also visible in the DSS (Berger et al. 2007a).
VLT (D’Avanzo et al. 2007, 2009) and Magellan (Berger et al.
2007b) spectroscopy revealed a redshift of this galaxy of z =
0.381±0.001 and further VLT follow-up detected the optical af-
terglow (D’Avanzo et al. 2008, 2009) at the tip of this edge-on
spiral galaxy.
C.3. GRB 080905A
Swift/BAT and Fermi/GBM triggered on GRB 080905 at
11:58:55 UT (Pagani et al. 2008a; Bissaldi et al. 2008). The
BAT light curve shows 3 peaks with a total duration of
about 2 s (Pagani et al. 2008a). Its duration was T90 (15-350
keV)=1.1 ± 0.1s (Cummings et al. 2008). A fading X-ray af-
terglow was found but no optical afterglow was detected with
UVOT (Pagani et al. 2008a). A faint afterglow candidate was
then discovered with the VLT (Malesani et al. 2008) and also
a host galaxy was seen (de Ugarte Postigo et al. 2008). The re-
vised r = 1.′′6 XRT error circle is in agreement with this after-
glow position (Evans et al. 2008). The afterglow is located in an
outer arm of a star-forming spiral galaxy at z = 0.1218±0.0003,
making it the closest short GRB known so far. This event has
been analyzed in detail by Rowlinson et al. (2010).
C.4. GRB 080919
GRB 080919 triggered Swift/BAT at 00:05:13 UT. The burst
consists of a single spike and had a total a duration of T90
(15-350 keV)=0.6 ± 0.1 s. Swift/XRT began observing about
71 s after the BAT trigger. The detected X-ray afterglow
could be localized with high precision (r = 2.′′1; Preger et al.
2008a), but remained undetected already from the second or-
bit on. Swift/UVOT started observing about 11 s after XRT
but no afterglow candidate could be found in the white filter
down to m=18 (Preger et al. 2008b; Baumgartner et al. 2008;
Immler & Holland 2008). The size of the X-ray error circle
could finally be improved to r = 2.′′0 (Preger et al. 2008c).
Ground-based observations with the robotic REM telescope on
La Silla, Chile, started already 74 s after the BAT trigger and
revealed a bright NIR source in the XRT error circle (H =
13.73±0.03), which is also listed in the 2MASS catalog however
and, therefore, might be an unrelated Galactic foreground object
(Covino et al. 2008). No further follow-up observations are re-
ported in the literature. The position of the XRT afterglow was
slightly refind three years after the event (Evans 2011a,b).
C.5. GRB 081226A
GRB 081226A triggered Fermi/GBM and Swift/BAT at 01:03:37
UT (Godet et al. 2008; Kouveliotou & Connaughton 2009). Its
duration was T90(15-350 keV)= 0.4± 0.1 s (Krimm et al. 2008).
Swift/XRT started observing the field 94.5 s after the BAT trig-
ger, an afterglow was found (Godet 2008). UVOT started ob-
serving 156 s after the trigger but no optical afterglow was
identified (Hoversten & Godet 2008). Optical observations by
ROTSE-IIIc starting 25 s after the GRB could only reveal upper
limits on any optical afterglow (Schaefer et al. 2008). GROND
detected an afterglow candidate (Afonso et al. 2008), but obser-
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vations with Gemini-S did not reveal a fading behaviour, neither
of this source nor of a 2nd source found in the XRT error cir-
cle (Berger et al. 2008a,b). No radio counterpart of the optical
afterglow candidate(s) could be found with the ATCA array in
Australia (Moin et al. 2009b). The position of the XRT afterglow
was slightly refind three years after the event (Evans 2011a,b).
C.6. GRB 090305
The burst triggered Swift/BAT at 05:19:51 UT. The BAT light
curve shows a single short spike with a duration of T90(15-350
keV)= 0.4 ± 0.1 s. XRT began observing the field 93 s after
the trigger, but no X-ray afterglow was initially detected. UVOT
started observing 96 seconds after the trigger but no optical after-
glow candidate was discovered either (Beardmore et al. 2009a;
Krimm et al. 2009). Despite the lack of an XRT position, rapid
follow-up of the BAT error circle with Gemini-S/GMOS and
Magellan/Baade led to the discovery of the optical afterglow
(Cenko et al. 2009; Berger & Kelson 2009). Furthermore, a re-
analysis with relaxed constraints allowed the detection of an ex-
tremely faint X-ray afterglow at the position of the optical coun-
terpart (Beardmore et al. 2009c). No host galaxy was detected
down to deep limits right under the optical afterglow position
(Berger 2010a).
C.7. GRB 090927
The burst was detected by Swift/BAT at 10:07:16 UT
(Grupe et al. 2009a). It had a FRED-like shape with some sub-
structure and a duration of T90(15-350 keV)= 2.2 ± 0.4 s
(Stamatikos et al. 2009). It was also detected by Fermi/GBM
(Gruber et al. 2009). The final classification of the burst is not
totally clear. It is more likely a long GRB as it shows signif-
icant spectral lag and was relatively soft (Grupe et al. 2009b).
After its BAT trigger, Swift could not immediately slew to the
field due to an Earth-limb constraint. When Swift/UVOT began
observing the field 2121 s after the trigger it immediately discov-
ered an optical afterglow candidate (Gronwall & Grupe 2009;
Kuin & Grupe 2009). Only thereafter the detection of the X-ray
afterglow was announced, a quite unusual situation (Evans et al.
2009). The afterglow was observed with the 1-m f /4 Zadko tele-
scope in Western Australia (Klotz et al. 2009) that started ob-
servations 50 minutes after the trigger (with the first magni-
tude value for t ∼2 hr), with the Faulkes Telescope South in
Australia (Cano et al. 2009) that observed 4.2 hrs after the onset
of the GRB, and with VLT/FORS2 on ESO Paranal (Levan et al.
2009a) that observed 16.5 hrs after the burst trigger. The VLT
observations allowed for a measurement of the afterglow red-
shift (z = 1.37; Levan et al. 2009a). Radio observations with the
Australian ATCA array did not reveal the afterglow (Moin et al.
2009a).
C.8. GRB 091109B
Swift/BAT triggered on GRB 091109B at 21:49:03 UT (T90(15-
350 keV)= 0.30 ± 0.03s; Oates et al. 2009b). An X-ray after-
glow was immediately detected but no optical afterglow was
found (Oates et al. 2009a). The burst was a symmetrical spike
with no sign of extended emission (Oates et al. 2009b). A
faint, rapidly decaying afterglow was discovered with the VLT
at coordinates RA, Dec.(J2000) = 07:30:56.61, −54:05:22.85
(Levan et al. 2009b; Malesani et al. 2009).
C.9. GRB 100117A
The burst triggered Swift/BAT (de Pasquale et al. 2010a) and
Fermi/GBM (Paciesas 2010) at 21:06:19 UT. It had a dura-
tion of T90(15-350 keV)= 0.3 ± 0.05 s (Markwardt et al. 2010).
Swift/XRT began observing the field 80 seconds after the BAT
trigger and found a bright X-ray afterglow which could be lo-
calized with an uncertainty of 4.′′6 (radius) that could later be
refined to 2.′′4 (Sbarufatti et al. 2010). UVOT started observ-
ing about 1 min later but could not find an optical counterpart
(de Pasquale et al. 2010a,b). The optical afterglow was detected
by Gemini-North 8.3 hr after the burst with rAB = 25.46 ±
0.20 (Levan et al. 2010a). The burst is in detail discussed in
Fong et al. (2011).
C.10. GRB 100206A
The burst triggered Swift/BAT at 13:30:05 UT (Krimm et al.
2010b) and had a duration of T90 = 0.12 ± 0.03 s
(Sakamoto et al. 2010). XRT started observing the field 75 s
after the trigger and found an uncatalogued X-ray source
(Krimm et al. 2010b), whose coordinates were later refined
to RA, Dec. (J2000)= 03:08:38.94, 13:09:25.5, with an error
radius of 3.′′2 (Goad et al. 2010a). The burst was also seen
by Fermi/GBM with a spectral peak at 439+73
−60 keV, assum-
ing a Band function (von Kienlin 2010). No optical coun-
terpart was detected by Swift/UVOT (Krimm et al. 2010b;
Marshall & Krimm 2010) and other ground-based observato-
ries (Bhattacharya et al. 2010; Guziy et al. 2010; Noda et al.
2010; Leloudas et al. 2010; Yurkov et al. 2010; Mao et al. 2010;
Andreev et al. 2010; Rumyantsev et al. 2010). Evidence for a
galaxy close to the XRT error circle was soon reported based
on archival images of the field (Miller et al. 2010), whose
redshift was later determined to z=0.41 (Cenko et al. 2010a).
Morgan10390 found that at this redshift this galaxy is very
bright in JHK, suggesting that this is a luminous infrared galaxy.
Levan et al. (2010c) speculated about the discovery of the faint
optical afterglow of GRB 100206A based on WHT observa-
tions starting 7 hr after the burst. However, no fading of this
source was seen on Gemini images taken 7 and 11.5 hr af-
ter the event, suggesting that in fact this source could be the
true GRB host galaxy (Berger et al. 2010b; Berger & Chornock
2010). This placed a limit of i >24.7 on the brightness of the
optical afterglow at 15.7 hrs after the burst (Berger & Chornock
2010). The position of the XRT afterglow was slightly refind
three years after the event (Evans 2011a,b). Perley et al. (2011)
dispute that another faint source very close to the z = 0.41 galaxy
might instead be the host.
C.11. GRB 100625A
Swift/BAT triggered and located GRB 100625A at 18:32:28 UT
(Holland et al. 2010a). The BAT light curve showed a single
spike with a substructure and a duration of about 0.33 s. XRT
started observing the field 48 s after the trigger and found an
uncatalogued X-ray source, whose coordinates were later re-
fined to RA, Dec. (J2000)= 01:03:10.98, −39:05:18.3, with an
error radius of 1.′′8. No optical counterpart was detected by
Swift/UVOT. The burst was also seen by Konus-Wind and Fermi.
The Fermi/GBM light curve shows two closely spaced nar-
row pulses with a duration (T90) of about 0.32 s (50-300 keV;
Holland et al. 2010b). Inside the XRT error circle, an object
was reported in the optical bands by ground-based observato-
ries (Levan & Tanvir 2010; Berger et al. 2010a; Tanvir & Levan
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2010). However, the non-variation of the object and its extended
shape pointed to it being a host galaxy candidate. The position of
the XRT afterglow was slightly refind three years after the event
(Evans 2011a,b).
C.12. GRB 100628A
Swift/BAT triggered and located GRB 100628A at 08:16:40 UT
as did INTEGRAL (Beckmann et al. 2010). In the BAT win-
dow it had a duration of T90(15-350 keV)= 0.036 ± 0.009 s
(Immler et al. 2010). Swift/XRT began observing the field 86
seconds later and located an X-ray afterglow at coordinates
RA, Dec.(J2000) = 15:03:52.95, −31:39:41.7, with an error
radius of 5.′′2 (Starling & Immler 2010). No optical afterglow
was found, neither by UVOT nor by ground-based observato-
ries (Immler 2010; Burenin et al. 2010; Berger et al. 2010e,d;
Suzuki et al. 2010; Levan et al. 2010b). Based on Magellan ob-
servations, Berger et al. (2010e) noticed however the presence
of several galaxies close to and inside the XRT error circle (see
also Berger 2010b). The position of the X-ray afterglow was
later rejected when another faint X-ray source was found that
had faded away. This source at coordinates RA, Dec.(J2000)=
15:03:52.41, −31:39:30.2 (error radius 7′′) is now considered as
the most likely X-ray afterglow (Starling et al. 2010). Inside this
error circle Berger (2010c) reports the presence of two galax-
ies, which however did not show any evidence of a superposed
optical afterglow. For one of these galaxies Cenko et al. (2010b)
measured a redshift of z=0.102.
C.13. GRB 100702A
The burst triggered Swift/BAT at 01:03:47 UT (Siegel et al.
2010a). It was a FRED-like single-peaked burst with a duration
of T90(15-350 keV)= 0.16 ± 0.03 s (Baumgartner et al. 2010).
Swift slewed immediately to the burst and found a bright X-
ray afterglow, which faded rapidly after an early plateau phase
and was already undetected after the first orbit (Grupe & Siegel
2010; Siegel et al. 2010b). No optical/NIR afterglow candidate
was found, neither in rapid response observations by ROTSE-
IIIc located at Mt. Gamsberg, Namibia (Flewelling et al. 2010),
nor by optical observations with the acquisition camera of
VLT/X-shooter (Malesani et al. 2010) and NIR observations us-
ing PANIC at the Magellan/Baade telescope (Fong et al. 2010;
Berger et al. 2010c).
C.14. GRB 101219A
GRB 101219A was a short-hard burst localized by Swift/BAT at
02:31:29 UT (Gelbord et al. 2010) and it was also detected by
Konus-Wind (Golenetskii et al. 2010). The BAT light curve con-
sists of a single spike with a duration of T90(15-350 keV)=0.6 ±
0.2 s (Krimm et al. 2010a). A fading X-ray afterglow was found
60 s after the trigger but no optical afterglow was detected
(Gelbord et al. 2010). Inside the XRT error circle a faint ex-
tended object was observed in the i and r band with the Gemini
South telescope 43 min after the burst (Perley et al. 2010).
Furthermore, the same faint source was detected in the J band
with the 6.5-m Magellan Baade telescope 1.5 hrs after the trig-
ger (Chornock et al. 2010). Second epoch observations showed
no variable source inside the XRT error circle. Spectroscopic ob-
servations performed on the host galaxy candidate with GMOS
mounted at the Gemini-North telescope derived a redshift of
z=0.718 (Chornock & Berger 2011). The position of the XRT
afterglow was slightly revised two years after the event (Evans
2011a,b).
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